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TRANSISTOR STRUCTURE HAVING SILICIDE SOURE/DRAIN EXTENSIONS 

AND METHOD FOR MAKING SAME 



Field of the Invention 

The invention relates to the field of semiconductor integrated circuits, and 
more particularly relates to metal-oxide-semiconductor (MOS) field effect 
transistors (FETs). 

Background 

For many years integrated circuits incorporating metal-oxide- 
semiconductor field effect transistors (MOSFETs) have been manufactured with 
materials such as doped polycrystalline silicon to form the gate electrode, and 



doped crystalline silicon to form the source/drain terminals. Significant effort has 
been devoted to scaling down the physical dimensions of MOSFETs in order to 
increase the functionality of integrated circuits by including more transistors on 
each integrated circuit. 

As devices were scaled down in size, there was a corresponding increase 
in the resistances associated with the source/drain terminals. Typically, as the 
linear dimensions of transistors were reduced, the depth of the source/drain 
terminals was reduced. The thickness of the source/drain terminals, i.e., junction 
depth, was reduced, as required for maintaining appropriate electrical 
characteristics in the scaled down MOSFETs. With thickness, that is, the 
junction depth, of the source/drain terminals reduced, the cross-sectional area of 
the source/drain terminals was reduced, which resulted in greater electrical 
resistance to signals propagating through the source/drain terminals. 
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What is needed are structures that provide low sheet resistivities for 
MOSFET source/drain terminals, and methods for making the same. 

Summary of the Invention 

5 Briefly, a MOSFET includes a double silicided source/drain structure 

wherein the source/drain terminals include a silicided source/drain extension, a 
deep silicided source/drain region, and a doped semiconductor portion that 
surrounds a portion of the source/drain structure such that the silicides are 
isolated from the MOSFET body node. 

10 In a further aspect of the present invention, a barrier layer is formed 

around a gate electrode to prevent electrical shorts between a silicided 
source/drain extension and the gate electrode. A deep source/drain is then 
formed, self-aligned to sidewall spacers that are formed subsequent to the 
silicidation of the source/drain extension. 

15 

j Brief Description of the Drawings 

/ Fig. 1 is a schematic cross-sectional view of a conventional FET having 
sidewall spacers and a silicide layer overlying the source/drain terminals, and 
gate electrode. 

20 / Fig. 2 is a schematic cross-sectional view of a partially fabricated FET 

having a patterned polysilicon gate electrode disposed over a gate dielectric 
layer,;the gate electrode having a silicon nitride barrier layer disposed thereon. 

/ Fig. 3 is a schematic cross-sectional view of the FET of Fig. 2, wherein 
doped source/drain extensions have been formed in a self-aligned manner 
25 adjacent to the gate electrode. 

^ Fig. 4 is a schematic cross-sectional view of the FET of Fig. 3 after the 
source/drain extensions have been silicided. 

Fig. 5 is a schematic cross-sectional view of the FET of Fig. 4, after the 
top portion of the silicon nitride barrier has been removed and sidewall spacers 
30 have been formed. 
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f Fig. 6 is a schematic cross-sectional view of the structure of Fig. 5, after a 
deep source/drain junction, disposed beneath the silicided source/drain 
extensions, has been formed. 

^ Fig. 7 is a schematic cross-sectional view of the structure of Fig. 6, after 
5 the polysilicon gate electrode has been silicided and a deep source/drain silicide 
layer has been formed. 

Detailed Description 

Overview 

10 Embodiments of the present invention provide an MOS transistor structure 

having silicided source/drain extensions. In contradistinction to conventional 
MOS transistor structures in which the source/drain extension is heavily doped, 
the silicided source/drain extension in embodiments of the present invention 
provide substantially reduced sheet resistance in the source/drain extension 

15 regions. The reduced resistance of the silicided source/drain extension in 
embodiments of the present invention makes it possible to significantly reduce 
the doping concentration in the source/drain extension region thereby reducing 
the lateral out-diffusion that conventionally occurs during the dopant activation 
process. 

20 

Terminology 

The terms, chip, integrated circuit, monolithic device, semiconductor 
device, and microelectronic device, are often used interchangeably in this field. 
The present invention is applicable to all the above as they are generally 
25 understood in the field. 

The term "gate" is context sensitive and can be used in two ways when 
describing integrated circuits. Gate refers to a circuit for realizing an arbitrary 
logical function when used in the context of a logic gate. However, as used 
herein, gate refers to the insulated gate terminal of a three terminal FET when 
30 used in the context of transistor circuit configurations or formation of transistor 
structures. The expression "gate terminal" is generally interchangeable with the 
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expression "gate electrode". A FET can be viewed as a four terminal device 
when the semiconductor body is considered, for the purpose of describing 
illustrative embodiments of the present invention, the FET will be described using 
the traditional gate-drain-source, three terminal model. 

5 Channel, as used herein, refers to that portion of the semiconductor body 

that underlies the gate dielectric, is bounded by the source/drain terminals, and 
is the region of the FET where current flows between the source and drain 
terminals. 

Polycrystalline silicon is a nonporous form of silicon made up of randomly 
10 oriented crystallites or domains. Polycrystalline silicon is often formed by 

chemical vapor deposition from a silicon source gas or other methods and has a 
structure that contains large-angle grain boundaries, twin boundaries, or both. 
Polycrystalline silicon is often referred to in this field as polysilicon, or sometimes 
more simply as poly. 

Q 15 Source/drain terminals refer to the terminals of a FET, between which 

conduction occurs under the influence of an electric field, subsequent to the 
□ inversion of the semiconductor surface under the influence of a vertical electric 

field resulting from a voltage applied to the gate terminal. Generally, the source 
G and drain terminals are fabricated such that they are geometrically symmetrical, 

yg 20 With geometrically symmetrical source and drain terminals it is common to 

simply refer to these terminals as source/drain terminals, and this nomenclature 
is used herein. Designers often designate a particular source/drain terminal to 
be a "source" or a "drain" on the basis of the voltage to be applied to that 
terminal when the FET is operated in a circuit. Typically, source/drain terminals 
25 are doped with either donor (n-type) or acceptor (p-type) atoms to create the 
desired electrical characteristics. 

The terms wafer and substrate are generally used interchangeably in this 
field and are so used herein. A reference to a wafer or substrate may include a 
bare or pure semiconductor substrate, with or without doping, a semiconductor 
30 substrate incorporating one or more device layers at any stage of processing, 
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other types of substrates incorporating one or more semiconductor layers, 
substrates having silicon on insulator (SOI), GaAs substrates, sapphire 
substrates, or any other substrate suitable for processing microelectronic or 
microelectromechanical devices. 

5 

One result of scaling down the dimensions of FETs has been an increase 
in, the sheet resistivities associated with the source/drain terminals. An 
approach commonly used to decrease the sheet resistivities of the scaled down 
source/drain terminals, has been to form a layer having a relatively low sheet 

10 resistivity, in parallel with the source/drain terminals. For example, various 

refractory metal silicides (e.g., titanium silicide) were formed over the surfaces of 
the source/drain terminals. In this way, the effective sheet resistivity of the 
source/drain terminals was reduced. 

Fig. 1 illustrates a conventional FET structure having a silicided gate 

15 electrode and silicided source/drain terminals. More particularly, a FET 10 is 
formed between shallow trench isolation structures 12, which define an active 
region of the substrate 14. A gate electrode comprising a polysilicon portion 16, 
and a silicide portion 18 are formed over active region of the substrate 14 with a 
gate dielectric layer 20 disposed therebetween. Source/drain terminals, 

20 disposed in active region of the substrate 14 are disposed adjacent to the gate 
electrode, and include doped regions 22, and silicided regions 24. Silicide 
regions 24 have lower sheet resistivities as compared to doped regions 22. 
Physically forming silicide regions 24 superjacent doped regions 22 results in 
silicide region 24 being electrically in parallel with doped region 22. In this way 

25 the effective electrical resistance of the source/drain terminals is conventionally 
reduced compared to the resistance of the doped regions alone. 

However, as FET dimensions scale down into the deep submicron region, 
silicidation of the source/drain terminals is not adequate to compensate for the 
high. resistivity of the shallow source/drain extensions. One approach to reducing 

30 the limitation on transistor performance that high source/drain resistivity imposes, 
is to increase the doping concentration in the source/drain extensions. 
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Unfortunately, the high doping concentration of these source/drain extensions 
results in out-diffusion of dopants into the channel portion of the FET, which in 
turn degrades the electrical performance of the transistor. Such adverse effects 
include undesired changes in threshold voltage, and decreased mobility due to 
5 higher scattering in the channel portion. 

Embodiments of the present invention, provide FET structures with 
relatively low resistivity source/drain extensions, while not requiring a high doping 
concentration to achieve such low resistivities. More particularly, embodiments 
of the present invention provide FETs with metal silicide source/drain extensions. 
10 These metal silicide source/drain extensions have significantly reduced the sheet 
resistance in the source/drain extension region. In view of the reduced sheet 
resistance, the doping concentration in the source/drain extension region can be 
reduced, which in turn, results in reduced out-diffusion in to the channel region. 

In the following description, numerous specific details are set forth such 
W 15 as specific materials, patterns, dimensions, etc., in order to provide a thorough 
Q understanding of the present invention. In other instances, well known materials 

~ or methods haven not been described in detail in order to avoid obscuring the 

CP invention. 



An illustrative structure and process, each embodying the present 
20 invention are described in conjunction with Figs. 2-7. Conventional 

semiconductor processing steps may be used up through the formation of 
patterned polysilicon disposed over a gate dielectric layer, which in turn is 
disposed upon a substrate. Those skilled in the art will appreciate that drawing 
figures are for illustration purposes and each layer shown may not be shown to 
25 scale with respect to the other layers. For example, in actual devices the 

substrate is much, much thicker than is shown relative the gate dielectric layer. 
Nonetheless those skilled in the art will readily understand the structures and 
process operations described in conjunction with the schematic cross-sections of 
Figs. 2-7. Referring now to Fig. 2, a silicon substrate 102 has formed thereon on 
30 dielectric layer 104. Typically dielectric layer 104 may be an oxide of silicon, 
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however the present invention is not limited to any particular material or 
combination of materials. For example, the present invention may be used in 
conjunction with dielectrics that are formed from materials such as, but not 
limited to, nitrides, metal oxides, rare earth oxides, or any combination thereof. 
5 As indicated in Fig. 2, a polysilicon layer is patterned to form a gate electrode 
106. The deposition and patterning of polysilicon is very well known in this field. 
Although polysilicon is typically used to form gate electrode 106, other materials 
may used to form a gate electrode, and the present invention is not limited to any 
particular material or combination of materials to form gate electrode 106. Gate 
10 electrode 106 has a barrier layer 108 formed thereon such that the material that 
makes up gate electrode 106 is covered on all its sides. As shown in the 
m schematic cross-section of Fig. 2, a top surface, and sidewall surfaces of gate 

\0 electrode 106 are covered by barrier layer 108, and a bottom surface of gate 

electrode 106 is in contact with dielectric layer 104. 
15 Still referring to Fig. 2, in the illustrative embodiment of the present 

invention, dielectric layer 104 is an oxide of silicon, gate electrode 106 is 
polysilicon, and barrier layer 108 is a silicon nitride layer. Nitride barrier layer 
108 is formed by nitridizing polysilicon gate electrode 106. Typically, the nitride 
layer is very thin, for example, approximately 10 angstroms, so that it will not 
20 significantly affect the source/drain extension length. At the same time, the 
nitride layer should be thick enough to prevent an electrical short between a yet 
to be formed silicide source/drain extension structure, and the gate electrode. 

Referring now to Fig. 3, it can be seen that a portion of dielectric layer 104 
has been removed. Conventional etch techniques can be used to remove 
25 dielectric 104 where it is not covered by gate electrode 106 or barrier layer 108. 
Those skilled in the art will recognize that an etchant should preferentially 
remove dielectric 104 as compared to barrier layer 108. In this illustrative 
embodiment of the present invention, a ion implantation operation is performed 
after the dielectric layer removal operation. Ion implantation is a well known 
30 method in which impurities, sometimes referred to as dopants, are introduced 
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into various layers of a microelectronic device in order to modify their electrical 
properties. The implanted dopants may be p-type or n-type depending 
respectively on whether a p-channel or n-channel MOSFET is being fabricated. 
In this instance, the ion implantation operation forms source/drain extensions 
110, and is typically a shallow implant similar to those used in conventional 
CMOS (Complementary Metal Oxide Semiconductor) processes, however, the 
resulting doping concentration can be substantially less than that found in 
conventional source/drain extensions. In the illustrative embodiment of the 
present invention the doping concentration may be up to an order of magnitude 
lower. Those skilled in the art and having the benefit of the present disclosure 
will recognize that for any given implementation of the present invention, the 
doping concentration chosen is dependent on a number of design parameters 
including, but not limited to, the starting doping concentration in the substrate, 
the depth of the source/drain extension implant, the thermal budget for the 
complete process, and the nominal channel length of the MOSFET being 
fabricated. 

Subsequent to the formation of source/drain extensions 1 10 by ion 
implantation, a dopant activation operation is performed. Dopant activation is 
well known in this field and typically involves heating at least portions of the 
substrate. During this high temperature dopant activation operation, some lateral 
out-diffusion from the source/drain extension into the channel region typically 
occurs. In embodiments of the present invention however, the amount of out- 
diffusion is smaller than in conventional processes because the doping 
concentration in the source/drain extension is substantially less. In one 
embodiment of the present invention, as shown in Fig. 3, the final depth of 
source/drain extension 110 is typically between 300 and 500 angstroms. 

Subsequent to the formation of source/drain extension 110, a first metal 
layer is deposited over substrate 102, such that substrate 102 as well as barrier 
layer 108 are covered. The first metal is typically a metal that forms a silicide 
when reacted with silicon. Titanium and cobalt are examples of such metals. It 
is preferable to use a metal which will form a silicide that is stable during a 
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subsequent high temperature dopant activation operation. Such a dopant 
operation is typically performed at approximately 1000°C. Referring now to Fig. 
4, the first metal layer is reacted with the exposed surface of the doped silicon 
regions that comprise source/drain extension 110 to form a silicide 112. As 
shown in Fig. 4, silicide 112 forms over source/drain extension regions 110. 
Reaction conditions that may be used to produce silicide 112 include rapid 
thermal processing at temperatures in the range of approximately 500°C-800°C 
for durations of approximately 20 seconds to 5 minutes. Barrier layer 108, a thin 
nitride layer in the illustrative embodiment, prevents the silicidation of polysilicon 
gate electrode 106 such that an electrical short between gate electrode 106 and 
source/drain extension 110 does not occur. The depth of silicide 112 should be 
less than the depth of source/drain extension 110. The lateral encroachment of 
silicide 112 into the channel region should be less than the length of the lateral 
out-diffusion of the dopants from source/drain extension 110. In other words, 
silicide 112 should be surrounded, in the substrate, by the doped silicon 
source/drain extension 110. 

After silicide 112 is formed, unreacted portions of the first metal layer (not 
shown) are removed, typically by wet chemical etching. Removal of unreacted 
metal is well known in this field. 

Referring now to Fig. 5, sidewall spacers 114 are formed adjacent to 
barrier layer 108. Methods and materials for forming sidewall spacers are known 
in this field. The present invention is not limited to any particular method or 
materials for the formation of sidewall spacers 114. Typically, a layer of material 
such as silicon nitride, silicon dioxide, or a combination thereof, is deposited on 
the substrate; and this layer is then anisotropically etched so that portions of the 
layer remain adjacent to the transistor gate structure. As is further shown in Fig. 
5, that portion of barrier layer 108 which is exposed after the formation sidewall 
spacers 114 is removed, thereby exposing a top portion of polysilicon 106. 
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In an alternative embodiment, barrier layer 108 may be removed prior to 
the formation of sidewall spacers 114 as long as the removal process does not 
adversely impact the characteristics of the transistor. 

Referring now to Fig. 6, source/drains 116 are formed which are self- 
aligned to spacers 114. Source/drains 116 are typically formed by ion 
implantation. Typically, n-type source/drains are formed by the implantation, and 
subsequent thermal activation, of arsenic or phosphorus ions. Similarly, p-type 
source/drains are typically formed by the implantation and subsequent thermal 
activation of boron ions. In this illustrative embodiment of the present invention, 
source/drain ion implantation is performed through silicide 112. An implant such 
as this may typically have a dose 4x1 0 15 atoms per cm 2 at an energy in the range 
of 1-50keV depending on the implanted species. Furthermore, silicide 112 must 
be stable during the thermal activation of the source/drain dopants. The thermal 
activation of the source/drain dopants typically takes place at approximately 
1000°C. CoSi 2 and TiSi 2 are examples of silicides that meet the required 
constraints. 

After the activation of the source/drain dopants, a second layer of metal is 
deposited over the surface of the substrate. The second layer of metal may be 
same as, or different from the first layer of metal. The second metal is reacted 
with the substrate so as to form a deep silicided region 120 within source/drains 
116. At substantially the same time as deep silicided region 120 is formed, 
polysilicon gate electrodes 106 are also silicided. It is preferable that the metal 
selected for use in this second silicidation reaction does not agglomerate on top 
of very narrow polysilicon lines. Nickel is a metal which meets this requirement 
and may be used to form a nickel silicide over the gate electrodes and 
source/drain regions. 

The unreacted portions of the second metal are typically removed by a 
wet chemical etch. For example, a solution of NH 4 OH:H202:H 2 0 may be used to 
etch excess Ti. 
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Subsequent to removal of the unreacted portions of the second metal, 
conventional processing operations may be used to complete an integrated 
circuit including a MOSFET in accordance with the present invention. 

Many variations of the processes and materials described above may be 
used to achieve similar end results. One alternative process may eliminate the 
operation in which the source/drain extension dopants are activated prior to the 
first silicidation operation. By eliminating this first activation operation, it is 
possible to achieve a sharper lateral dopant profile. 

In another alternative embodiment, barrier layer 108 may be formed by a 
method other than the nitridation of a polysilicon gate electrode. For example, 
an extremely thin dielectric layer, such as approximately 10 angstroms of silicon 
nitride, may be deposited and an anisotropic etch operation then performed so 
as to form a spacer on the sides of the gate electrode. The spacer must be thick 
enough to prevent an electrical short between the silicided source/drain 
extension, and the gate electrode. The spacer must also be thin such that it 
does not substantially affect the length of the source/drain extension. 

No limitation on the exact geometries of the various constituent parts of 
MOSFETs in accordance with the present invention are intended by the 
descriptions of illustrative embodiments herein. 

Conclusion 

Shallow source/drain extensions are used in scaled down MOSFETs in 
order to reduce the short channel effects that would otherwise occur. 
Conventionally, these source/drain extensions are formed from heavily doped 
silicon. The high level of doping in the source/drain extension is needed to 
reduce the sheet resistance of these structures. However, the high doping 
density results in significant out-diffusion during the dopant activation process. 
This out-diffusion adversely affects electrical performance of the MOSFET. 

MOSFETs in accordance with the present invention include a silicide . 
source/drain extension structure. A silicide source/drain extension structure can 
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provide reduced sheet resistance as compared to conventional heavily doped Si 
source/drain extensions. Consequently, the silicide source/drain extension 
structure does not require a high doping concentration. Since a lower doping 
concentration can be used in the silicide source/drain extension structure in 
5 accordance with the present invention, the adverse impact of lateral out-diffusion 
is reduced. In turn, the reduced lateral out-diffusion provides a transistor 
structure that requires less overlap between the source/drain extension and the 
gate electrode. A benefit of the present invention is that a more scalable 
transistor structure is achieved. 

10 It will be understood by those skilled in the art that many design choices 

are possible within the scope of the present invention. For example, metals such 
as Ti or Ni may be used, but in order to use Ti or Ni, a disposable spacer 
process should be used to avoid high temperature activation. Additionally, the 
present invention is not limited to silicon substrates. 

15 It will be understood that various other changes in the details, materials, 

and arrangements of the parts and steps which have been described and 
illustrated may be made by those skilled in the art without departing from the 
principles and scope of the invention as expressed in the subjoined Claims. 
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